1. Introduction {#sec1-genes-09-00644}
===============

Investigations of complex disorders such as cancer, diabetes, and infectious diseases have identified a crucial role of the inflammatory microenvironment in driving immune responses against self-antigens \[[@B1-genes-09-00644],[@B2-genes-09-00644]\]. Aberrant activation of the immune system can result in auto-inflammatory and/or autoimmune abnormalities as observed in the pathogenesis of Type 1 diabetes (T1D), but also during inflammatory processes in Type 2 diabetes (T2D) pancreata. Human islets express more than 50% of the known T1D susceptible genes \[[@B3-genes-09-00644]\], reflecting the importance of β cells, at least in part, for initiating or preventing T1D pathophysiology. One of the crucial factors in the early phase of T1D development is local cytokine signaling by interferons (IFNs) \[[@B2-genes-09-00644],[@B4-genes-09-00644],[@B5-genes-09-00644],[@B6-genes-09-00644],[@B7-genes-09-00644],[@B8-genes-09-00644]\]. IFNs have strong anti-viral and immunomodulatory properties, as IFN signaling regulates the expression of target genes (\>2000) known as IFN-induced/stimulated/regulated genes \[[@B9-genes-09-00644],[@B10-genes-09-00644],[@B11-genes-09-00644]\] including *PRKR*, *MYD88*, *TRIM25*, *HIF1A*, *IFIT2*, *IFIH1*, and *DDX58*, which participate in diverse downstream signaling pathways releasing cytokines which affect the overall immune homeostasis within the cell. The IFN signaling network plays a central role in mediating communication between β and immune cells. In a healthy cell, expression of these cytokines is tightly regulated and maintained at low levels, with enhanced expression being observed only as a part of protective cell defense mechanisms against infections or other stress stimuli \[[@B12-genes-09-00644],[@B13-genes-09-00644],[@B14-genes-09-00644],[@B15-genes-09-00644]\]. Uncontrolled production of cytokines specifically belonging to class type 1 IFNs (IFN-1s) may result in the initiation of destructive autoimmune reactions, now classified as interferonopathies \[[@B16-genes-09-00644]\]. Hence, it is vital to identify local β-cell genetic factors that may disturb the cellular immune homeostasis by regulating IFN expression in healthy cells.

A previous report has suggested that the MAFB transcription factor plays a pivotal role in the transcriptional control of IFN-1 signaling \[[@B17-genes-09-00644]\] by proposing that MAFB disrupts formation of the IRF3 enhanceosome complex necessary for *IFNβ1* transcription, thus preventing high levels of *Ifnβ1* transcription. During an acute phase of viral infection, MAFB expression reportedly decreases which allows for IRF3-mediated activation of *IFNβ1* transcription enhancing a pro-inflammatory status. However, if high MAFB protein levels were to be maintained, *IFNβ1* transcription would not be sufficient resulting in an increased susceptibility to viral infection \[[@B17-genes-09-00644],[@B18-genes-09-00644]\]. Previous publications have shown that human β cells express both MAFA and MAFB \[[@B17-genes-09-00644],[@B19-genes-09-00644]\] and that MAFA expression levels are reduced upon β-cell dysfunction and oxidative stress \[[@B20-genes-09-00644]\]. Until now, the role of the β-cell-specific insulin activator MAFA, which is closely related to MAFB \[[@B21-genes-09-00644],[@B22-genes-09-00644],[@B23-genes-09-00644],[@B24-genes-09-00644],[@B25-genes-09-00644]\] in controlling the expression of IFN-1s, has not been evaluated. MAFA polymorphisms have been identified in T1D patients \[[@B26-genes-09-00644]\] indicating that changes in the expression of MAFA levels may act as an important T1D susceptibility factor by regulating the islet inflammatory microenvironment.

Our results show that *MAFA* expression is significantly negatively correlated with pro-inflammatory anti-viral response candidate genes in human islets such as *IFIH1* (*Mda5*), *DDX58* (*Rig1*), *TRIM25*, *IFNAR1*, and *IFNAR2*, which are generally induced upon virus sensing as well as through other immune triggers that aggravate IFN expression. Immunohistochemical analysis of T2D pancreata, which have low MAFA expression in islets, confirmed an upregulation of DDX58, IFNAR1, and IFIH1 further supporting a negative correlation between MAFA and interferon-induced signaling genes. To investigate if these correlations were caused by the reduction of MAFA expression, we evaluated *Ifnβ1* as well as IFN-1-induced (IFI) gene expression in *MafA* deficient mouse islets. *MafA* deficient islets showed enhanced expression of both *Ifnβ1* and *Mda5* prior to and post CVB3 enterovirus infection, resulting in reduced virus propagation. Moreover, protein expression of Mda5 and Rig1 was significantly enhanced upon acute knockdown of MafA in a β-cell line. Our human islet gene correlation and mouse studies suggest a critical function of *MAFA* in the regulation of IFN expression which, if left uncontrolled, may lead to the development of autoreactive immune responses against β cells.

2. Materials and Methods {#sec2-genes-09-00644}
========================

2.1. MAFA Co-Expression Correlations in RNA-Sequencing Data from Human Pancreatic Islets {#sec2dot1-genes-09-00644}
----------------------------------------------------------------------------------------

Human islets from 191 cadaver donors of European ancestry were provided by the Nordic Islet Transplantation Program Uppsala under full ethical clearance (Uppsala Regional Ethics Board, Pro00001754) and the donor families written informed consent and processed for RNA-sequencing (RNA-seq) for Gene Expression Omnibus (GEO) accession code GSE50398 and GSE108072. RNA extraction, quality control, and sequencing were performed as described before \[[@B27-genes-09-00644],[@B28-genes-09-00644]\]. Briefly, total RNA was isolated with the All Prep DNA/RNA Mini Kit according to the manufacturer's instructions (Qiagen, Hilden, Germany). RNA quality and concentration were measured using an Agilent 2100 bioanalyzer and a NanoDrop ND-1000 (NanoDrop Technologies, Thermo Fisher Scientific, Waltham, MA, USA). RNA samples were prepared using the TruSeq RNA Sample Preparation Kit (Illumina, San Diego, CA, USA) and sequencing was performed on the Hi-Seq2000 platform. RNA-seq data were processed as previously described \[[@B27-genes-09-00644],[@B28-genes-09-00644]\]. Briefly, raw counts were normalized using trimmed mean of M-values and log~2~-transformed correlation coefficients. Spearman correlations (R) were calculated to assess correlation of *MAFA* and *MAFB* expression with genes expressed in the human pancreatic islets using R language programming.

2.2. Statistical Analysis on *MAF* Co-Expression Correlations {#sec2dot2-genes-09-00644}
-------------------------------------------------------------

To determine whether the expression of subsets of genes belonging to IFN-1/IFN immune response/IFN-induced/anti-viral/cytokine signaling from the PathCards pathway unification database \[[@B29-genes-09-00644]\] was correlated with *MAFA* or *MAFB* expression, we compared these gene sets to all expression correlation coefficients (21,806) using a Kolmogorov--Smirnov test, the null hypothesis being that the correlation values from the subset under test and total correlations could be drawn from the same distribution; for example, the expression correlation of *T1D* genes to *MAFA* versus the correlations from all genes to *MAFA*. Those with a Bonferroni corrected *p*-value \< 0.01 were considered significantly different. These biases were visualized using density plots using the density function in the R language, where the total correlations were shown in black and the subsets were shown as indicated.

2.3. Animals {#sec2dot3-genes-09-00644}
------------

*MafA* deficient (*MafA^−/−^*) animals were generated by crossing *MafA* floxed \[[@B22-genes-09-00644]\] with *Sox2*-Cre \[[@B30-genes-09-00644]\] transgenic animals. All experimental procedures were approved by the Animal Welfare and Ethics committee in the Lund-Malmö region (Jordbruksverket; permit numbers: M 43-13, M 47-12, M 385-12). All experimental procedures were carried out in accordance with approved Swedish national guidelines.

2.4. Mouse Islet Isolation {#sec2dot4-genes-09-00644}
--------------------------

Islets from 2--3-month-old and 6-month-old wild-type (WT) and *MafA^−/−^* mice were collected for RNA isolation and virus infections. For islet isolation, mice were euthanized by cervical dislocation, following V-incision on the lower abdomen to expose the pancreas. The pancreatic bile duct was identified and clamped. A small incision was made at the junction of the main pancreatic duct connecting with the duodenum, to inject a fresh mixture of collagenase P (20 U/mL, Roche, Basel, Switzerland) dissolved in Hanks (Sigma-Aldrich, Merck, St. Louis, MO, USA) until the entire pancreas was filled with the solution. The pancreas was then digested at 37 °C for 10--12 min, followed by tissue disruption through manual shaking and several washes with cold Hanks buffer. Thereafter, islets were picked under an inverted bright-field microscope.

2.5. Coxsackievirus B3 Virus Islet Infection Assay {#sec2dot5-genes-09-00644}
--------------------------------------------------

The coxsackievirus B3 (CVB3) strain used in this study was isolated from a patient with aseptic meningitis \[[@B31-genes-09-00644]\]. Virus stocks were prepared in green monkey kidney (GMK) cells containing Complete Eagle's Minimum Essential Medium (SVA, Uppsala, Sweden) supplemented with 10% FBS (Biochrom AG, Berlin, Germany). All experiments were performed on 50 hand-picked 2--3-month *WT* and *MafA* mutant islets per well, and cultured in low-attachment plates in 3 mL RPMI (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) containing 5.5 mM glucose (Sigma-Aldrich, Merck, St. Louis, Missouri, USA), supplemented with 10% FBS and 2 mM L-glutamine (Gibco, Thermo Fisher Scientific, Waltham, MA, USA). Free floating islets were infected with a 1000-cell culture infectious dose-50 (CCID50)/0.2 mL of CVB3 strain. Islets were examined each day in a light microscope for virus-induced morphological changes. Virus replication was determined using cytopathic effect (CPE) microtitration assays and expressed as 50% cell culture infective dose (CCID50) per milliliter (mL) according to the Kärber formula \[[@B32-genes-09-00644]\]. Briefly, 0.2 mL of 10-fold serial dilutions (1:10 to 1:108) of samples of the culture medium collected on day zero, and day three post infection, were added in triplicate to GMK cells cultured in 96-well plates. CPE was read on day five and CCID50 titer was calculated using the Kärber formula. The virus production extent was expressed as the difference between the CCID50 titer at day three and at day zero post infection (samples of culture medium collected directly after infection).

2.6. Assessment of Islet Cell Viability {#sec2dot6-genes-09-00644}
---------------------------------------

Islets were dissociated using accutase (BD, Bioscience, East Rutherford, NJ, USA) at 37 °C. FBS was added to stop the process after 10 min. The accutase-dissociated islet cells were stained with 7-aminoactinomycin D (7-AAD; Sigma-Aldrich, Merck, St. Louis, MA, USA), which binds to DNA when cell membrane permeability is altered after cell death. Cell suspensions were examined using a CyAn ADP Flow Cytometer with Summit Software v4.3 (Beckman Coulter, Brea, CA, USA). Data were analyzed using the Kaluza software package (Beckman Coulter, Brea, CA, USA).

2.7. RNA Extraction from Mouse Islets {#sec2dot7-genes-09-00644}
-------------------------------------

RNA from 6-month-old newly isolated WT and mutant islets was extracted using RNeasy mini kit (Qiagen), and treated with RNase free DNaseI (Qiagen). RNA from CVB3-infected islets was extracted using Trizol (Invitrogen, Carlsbad, CA, USA), RNA carrier (AmpTec, Hamburg, Germany), and RNeasy mini kit according to the supplier's instructions (Qiagen, Hilden, Germany). RNA quality was analyzed with an Agilent 2100 bioanalyzer and samples with RIN (RNA integrity number) higher than seven were used for quantitative PCR. RNA concentrations were measured with a NanoDrop ND-1000 spectrophotometer, and concentrations were equalized for each round of complementary DNA (cDNA) synthesis.

2.8. Complementary DNA Synthesis and Quantitative PCR {#sec2dot8-genes-09-00644}
-----------------------------------------------------

Reverse transcription was performed using SuperScript III reverse transcriptase (RT) (Invitrogen) according to the manufacturer's instructions, using at least 100 ng total RNA for cDNA synthesis. All assays were performed with Fast SYBR^®^ Green Master Mix on a StepOnePlusTM Real-Time PCR instrument (Applied Biosystems, Foster City, CA, USA).Primer sequences are listed in [Table S1](#app1-genes-09-00644){ref-type="app"}. PCR products were confirmed by agarose and melt curve analysis. For each experiment, RT negative control, real time PCR (q-PCR) negative control (blank), and several housekeeping genes were included. Gene expression data were normalized with delta C~T~ method against the geomean of the internal control genes hypoxanthine-guanine phosphoribosyltransferase (HPRT) and beta actin (β-actin) with the additional two housekeeping genes peptidylprolyl isomerase A (PPIA) and TATA box binding protein (TBP) for virus experiments. Data are represented as mean expression with standard error mean and were analyzed with multiple *t*-test/one-way/two-way analysis of variance (ANOVA) analysis, as indicated in the figure legends.

2.9. Cell Culture, Small Interfering RNA Transfection, and Protein Analysis {#sec2dot9-genes-09-00644}
---------------------------------------------------------------------------

INS-1 832/13 cells were cultured in RPMI-1640 containing 11.1 mM D-glucose supplemented with 10% fetal bovine serum, 100 U/mL penicillin (Gibco), 100 μg/mL streptomycin (Gibco), 10 mM N-2 hydroxyethylpiperazine-N′-2-ethanesulfonic acid (HEPES), 2 mM glutamine, 1 mM sodium pyruvate, and 50 μM β-mercaptoethanol (Sigma-Aldrich) in a humidified atmosphere containing 95% air and 5% CO~2~ at 37 °C. INS-1 832/13 cells were seeded 1 day prior to transfection. An amount of 30 nM RNA interference oligonucleotides or Negative Control \#1 (Ambion, Thermo Fisher Scientific, Waltham, MA, USA) was applied together with Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA, USA) to silence *MafA*.

Cells were homogenized in ice cold RIPA buffer containing complete protease inhibitor (Roche, asel, Switzerland) 72 h after transfection. Extracted total protein content was measured by Pierce bicinchoninic acid assay protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA), and 10--20 μg of protein was electrophoresed on 4--15% Stain-free sodium dodecyl sulfate--polyacrylamide gel electrophoresis (Bio- Rad, Hercules, CA, USA ). The separated proteins were then transferred onto a polyvinylidene difluoride membrane (Bio- Rad, Hercules, CA, USA), followed by blocking with 5.0% nonfat dry milk in TBST (Tris-buffered saline with Tween 20) (pH 7.4; 0.15M NaCl, 10 mM Tris-HCl, and 0.1% Tween 20) for 1 h at room temperature. The membrane was incubated overnight at 4 °C with anti-Rig1 (1:500, Sigma-Aldrich), Mda5 (1:250, Abcam, Cambridge, UK) and Ifnar1 (1:250, Sigma-Aldrich, Merck, St. Louis, MA, USA) antibodies followed by incubation with anti-rabbit IgG (1:2000, Cell Signaling Technology, Danvers, MA, USA) for 1 h at room temperature. Membranes were developed and analyzed using the Bio-Rad ChemiDocTM MP imaging system and Image Lab^TM^ software (6,0,1: Bio-Rad, Hercules, CA, USA). Normalization was carried out by the total protein blotting.

2.10. Immunohistochemistry {#sec2dot10-genes-09-00644}
--------------------------

Pancreatic biopsies from normoglycemic and T2D donors were provided by the Nordic Network for Clinical Transplantation. Sections were processed for immunohistochemistry \[[@B33-genes-09-00644]\] Paraffin-embedded human and mouse pancreatic tissue sections were stained with the following antibodies: guinea pig α-insulin (1:1000, DAKO, Glostrup, Denmark), rabbit α-IFNAR1, rabbit α-IFIH1, rabbit α-DDX58 (1:50, Sigma-Aldrich, Merck, St. Louis, MA, USA). Heat-induced epitope retrieval was performed for all stainings. Cy2- and Cy3-conjugated α-guinea pig and α-rabbit secondary antibodies (1:500, Jackson Immuno Research Laboratories, West Grove, PA, USA) were used. Nuclear counter staining was performed using 4′,6-diamidino-2-phenylindole (DAPI, 1:6000, Invitrogen). Immunofluorescence images were captured using a Zeiss 780 confocal microscope using Zen black edition software (10,0,0,910: ZEISS, Oberkochen, Germany). Adobe Photoshop CC (2015.0.0 20150529.r.88 2015/05/29:23:59:59 CL 1024429 x64) and InDesign CC 2015 ( 11,0,1,105 x64: Adobe, San Jose, CA, USA) were used for image processing and preparation of figures.

3. Results {#sec3-genes-09-00644}
==========

3.1. Expression of the β-Cell-Specific Transcription Factor *MAFA* Is Strongly Negatively Correlated with Pro-Inflammatory Cytokine-Induced Signaling Networks and T1D Susceptibility Genes {#sec3dot1-genes-09-00644}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

MAFA and MAFB are expressed in human β cells and are crucial for maintaining blood glucose levels in a cooperative and sequential manner \[[@B21-genes-09-00644],[@B22-genes-09-00644],[@B23-genes-09-00644],[@B24-genes-09-00644]\]. MafB expression is vital for β-cell development \[[@B21-genes-09-00644],[@B34-genes-09-00644],[@B35-genes-09-00644]\] and has been implicated in the regulation of IFN-1s in other cell types \[[@B17-genes-09-00644],[@B18-genes-09-00644]\]. In contrast, mouse studies identified the importance of MafA in the later stages of development and in adults promoting functional maturation of β cells \[[@B23-genes-09-00644],[@B24-genes-09-00644],[@B36-genes-09-00644]\]. MAFA expression is altered in response to pathological states such as oxidative stress and hyperglycemia in human islets \[[@B20-genes-09-00644],[@B37-genes-09-00644]\], however its role in regulating cytokine signaling in the islet has not yet been studied. To establish if *MAFA* and/or *MAFB* expression was correlated with cytokine production in human islets, gene co-expression profiles from human islet RNA-seq were generated and analyzed. For this we selected the entire panel of genes listed under cytokine regulated pathways using keywords such as IFN-1/IFN immune response/IFN-induced/anti-viral/cytokine signaling from the PathCards pathway unification database \[[@B29-genes-09-00644]\]. This enabled us to generate an unbiased list of genes participating in inflammatory signaling pathways as well as in T1D and T2D susceptibility ([Tables S2 and S3](#app1-genes-09-00644){ref-type="app"}). Interestingly, expression of *MAFA* was strongly negatively correlated with pro-inflammatory signaling pathway genes, whereas *MAFB* expression correlations were only weakly associated ([Figure 1](#genes-09-00644-f001){ref-type="fig"}A,B; [Table S2A,C](#app1-genes-09-00644){ref-type="app"}). Moreover, T1D susceptible/risk genes had a strong negative correlation distribution (*p* = 7.942 × 10^−5^) with *MAFA*, whereas *MAFB* was only weakly correlated (*p* = 0.01756, [Figure 1](#genes-09-00644-f001){ref-type="fig"}C,D; yellow line; [Table S3A](#app1-genes-09-00644){ref-type="app"}). In contrast, *MAFA* and *MAFB* co-expression was predominantly positively correlated with T2D susceptibility genes ([Figure 1](#genes-09-00644-f001){ref-type="fig"}C,D: purple line; [Table S3B](#app1-genes-09-00644){ref-type="app"}) supporting the known function of MAF transcription factors in activating glucose sensing and insulin secretion genes \[[@B22-genes-09-00644],[@B24-genes-09-00644]\]. To dissect the co-expression correlation data further, all T1D susceptible genes, previously shown to be expressed in islets/β cells, as well as human leukocyte antigen \[[@B38-genes-09-00644]\] genes were selected and their respective correlation values with *MAFA* ([Figure 1](#genes-09-00644-f001){ref-type="fig"}E) and *MAFB* ([Figure 1](#genes-09-00644-f001){ref-type="fig"}F) were assessed. Interestingly, *MAFA* and *MAFB* showed opposing correlations for some T1D risk genes such as *ORMDL3*, *HLA-DMB*, *HLA-E*, *CTRB1*, and *IFIH1*. Overall, our analysis suggests that *MAFA* expression in β cells is critical for establishing a physiologically balanced immune microenvironment in human islets.

3.2. Interferon-Induced (IFI) Genes *IFIH1* (*Mda5*) and *DDX58* (*Rig1*) Were Negatively Correlated with MAFA Expression in Human Islets and Protein Expression Was Enhanced in Type 2 Diabetic Islets {#sec3dot2-genes-09-00644}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Human islet *MAFA* gene correlations and comparisons pointed to a significant role of *MAFA* (directly and/or indirectly) in regulating IFN signaling networks, including downstream signaling components like IFN-induced genes. In silico protein association network analysis using the STRING database \[[@B39-genes-09-00644]\] identified key IFN-1 signaling-induced targets ([Figure 2](#genes-09-00644-f002){ref-type="fig"}A) which, if dysregulated, may alter the β-cell pro-inflammatory environment. Expression of IFI pro-inflammatory cytokines *IFNα, IFNβ1* as well as anti-viral genes *IFIH1* and *DDX58* was assessed in human islets. *IFN* gene expression was not detected in human islet RNA-seq; however, IFN receptor *IFNAR1*, *IFIH1*, and *DDX58* transcripts were present and showed a strong negative correlation with *MAFA* ([Figure 2](#genes-09-00644-f002){ref-type="fig"}B--D), whereas these genes had weaker correlations with *MAFB* ([Figure 2](#genes-09-00644-f002){ref-type="fig"}E--G). Similarly, other IFI genes such as *IFNAR2* and *TRIM25* were also negatively correlated with *MAFA* ([Figure S1](#app1-genes-09-00644){ref-type="app"}). Immunohistochemical analysis of pancreatic samples from normoglycemic and T2D donors was performed to assess if IFIH1, DDX58, and IFNAR1 were expressed in islets and if expression was increased in T2D islets which had lower MAFA expression \[[@B20-genes-09-00644]\]. Expression of IFNAR1, IFIH1, and DDX58 was detected in both exocrine and endocrine pancreas from normoglycemic donors, and expression appeared to be enhanced in T2D endocrine cells ([Figure 3](#genes-09-00644-f003){ref-type="fig"}B,D,F). As expected, MAFA expression was drastically reduced in T2D compared to control β cells ([Figure 3](#genes-09-00644-f003){ref-type="fig"}G,H) further supporting the notion that MAFA expression was negatively associated with IFI pro-inflammatory genes.

3.3. Acute and Long-Term Loss of MafA Enhances Mda5 and Rig1 Expression {#sec3dot3-genes-09-00644}
-----------------------------------------------------------------------

Previous studies have shown that MAFB negatively regulates *IFNβ1* transcription in human cell lines \[[@B17-genes-09-00644]\], thus we next wanted to investigate if MafA had a similar function in adult mouse β cells which lack MafB expression. Gene expression analysis of mouse *MafA* deficient islets (*MafA^−/−^*) showed that *Ifnβ1* transcription was significantly enhanced in *MafA^−/−^* islets ([Figure 4](#genes-09-00644-f004){ref-type="fig"}A). Additionally, expression of the *IFI* gene *Mda5* but not *Rig1* was significantly increased ([Figure 4](#genes-09-00644-f004){ref-type="fig"}B,C) in *MafA^−/−^* islets. Immunohistochemical analysis of WT and *MafA^−/−^* pancreata confirmed that Mda5, Rig1, and Ifnar1 were present in the mouse pancreas and expression appeared to be specifically enhanced in *MafA^−/−^* β cells ([Figure 4](#genes-09-00644-f004){ref-type="fig"}D--I). To assess if acute loss of MafA had a similar effect on islet cytokine expression, INS-1 832/13 cells were treated with MafA-specific siRNAs. Acute loss of MafA resulted in a significant upregulation of Mda5 and Rig1 protein levels ([Figure 4](#genes-09-00644-f004){ref-type="fig"}J) suggesting that MafA's function in maintaining immune homeostasis is conserved in human and mouse β cells.

3.4. *MafA* Deficient Mouse Islets Have Reduced Virus Propagation after Coxsackievirus B3 Infection {#sec3dot4-genes-09-00644}
---------------------------------------------------------------------------------------------------

In virus-infected cells, cumulative actions of IFNβ1, IFIH1, and DDX58 play a crucial role in mediating early host cellular defense mechanisms \[[@B9-genes-09-00644],[@B10-genes-09-00644],[@B11-genes-09-00644],[@B15-genes-09-00644],[@B40-genes-09-00644],[@B41-genes-09-00644],[@B42-genes-09-00644],[@B43-genes-09-00644],[@B44-genes-09-00644]\] to initiate anti-viral immune responses against infections. Previous studies have shown that CVB3 replicates in mouse islets \[[@B45-genes-09-00644]\] and that mouse islet cells express coxsackievirus and adenovirus receptor (CAR) which was readily detectable and unchanged between WT and *MafA^−/−^* islets ([Figure 5](#genes-09-00644-f005){ref-type="fig"}A). To evaluate if inherent higher expression of anti-viral response genes also restricted virus propagation, virus titer was assessed in WT and *MafA^−/−^* islets infected with CVB3. The amount of newly synthesized virus particles in the culture supernatant was significantly reduced in *MafA^−/−^* islets in comparison with CVB3-infected WT islets ([Figure 5](#genes-09-00644-f005){ref-type="fig"}B). Remarkably, CVB3 infection did not alter cell viability in WT and mutant islets ([Figure 3](#genes-09-00644-f003){ref-type="fig"}C) supporting the notion that mouse islet cells remained alive after CVB3 infection \[[@B46-genes-09-00644]\]. This suggested that the differences in CVB3 propagation were not a result of changes in CAR expression or viability of islets ([Figure 3](#genes-09-00644-f003){ref-type="fig"}A,C) after infection. Expression analysis revealed that the infected *MafA^−/−^* islets responded efficiently against CVB3 infection by inducing IFNs ([Figure 3](#genes-09-00644-f003){ref-type="fig"}D,E) as well as other pro-inflammatory cytokines such as tumor necrosis factor (*Tnf*), interleukin 6 (*Il6*), and C-X-C motif chemokine 10 (*Cxcl10*) ([Figure 5](#genes-09-00644-f005){ref-type="fig"}F--H), as well as IFN-1 anti-viral genes Mda5 and Rig1 ([Figure 5](#genes-09-00644-f005){ref-type="fig"}I,J). These data show that *MafA^−/−^* islets are more efficient in clearing CVB3 infections than WT islets, most likely due to enhanced basal expression of IFNs and anti-viral genes. Taken together, these results suggest that the loss of MafA in β cells altered the inflammatory microenvironment by producing an inability to restrict Ifnβ1 expression efficiently.

4. Discussion {#sec4-genes-09-00644}
=============

Immunomodulatory signaling cytokines such as INF-1s orchestrate an intricate network of regulatory pathways that initiate innate and adaptive immune responses against invading pathogens, as a part of host cell defense mechanisms. In a healthy cell, the pro-inflammatory signature is tightly regulated to avoid any inappropriate immune activation, which may lead to the initiation of destructive autoimmune reactions against self-antigens. Enhanced IFN expression has been detected in T1D pancreatic tissue \[[@B7-genes-09-00644],[@B47-genes-09-00644]\] as well as in the blood of children prior to clinical onset of T1D \[[@B6-genes-09-00644],[@B48-genes-09-00644]\]. Several reports have also linked the development of T1D to IFN-1 therapy for the treatment of chronic diseases such as viral hepatitis and malignant tumors \[[@B8-genes-09-00644],[@B49-genes-09-00644],[@B50-genes-09-00644],[@B51-genes-09-00644]\]. Moreover, T1D genetic associations with IFN-1 regulation and signaling pathways have been identified by genome wide association studies \[[@B52-genes-09-00644],[@B53-genes-09-00644],[@B54-genes-09-00644]\]. Thus, genetic abnormalities leading to inherent overproduction of IFN/cytokines may enhance the risk of developing interferonopathies and/or autoimmune disorders such as T1D \[[@B6-genes-09-00644],[@B7-genes-09-00644],[@B47-genes-09-00644],[@B48-genes-09-00644]\] even in the absence of an antigen-mediated trigger. Therefore, in our present study, we evaluated and compared the relation of transcription factors MAFA and MAFB in controlling the immune equilibrium within human islets by regulating cytokine expression and identified a more prominent function of MAFA in maintaining a physiological immune status in the human islets, an observation that was confirmed in mouse *MafA^−/−^* islets.

Human islet *MAFA* and *MAFB* co-expression analysis with genes involved in inflammatory/cytokine-induced signaling pathways showed a stronger negative correlation with *MAFA* than *MAFB.* This pointed toward an intriguing unknown function of MAFA in the regulation of cytokine expression. Therefore, we next investigated if *MAFA* co-expression was correlated with the expression of T1D risk genes. Interestingly, T1D susceptibility genes expressed in human islets were also strongly negatively correlated with *MAFA* in comparison to *MAFB*. In contrast, expression of genes known to be activated by MAFA (insulin) was positively correlated supporting the known role of MAFA as a regulator of β-cell function \[[@B24-genes-09-00644]\]. Moreover, individual T1D risk genes such as *IFIH1* and *CTRB1* showed opposite correlations to *MAFA* and *MAFB*, indicating different regulatory functions of MAFA and MAFB in human islets. We also showed that the human β-cell-specific gene *DLK1* was significantly positively correlated with both MAFA and MAFB which had also been implicated in the progression of diabetes by impairing β-cell function \[[@B55-genes-09-00644],[@B56-genes-09-00644]\]. These correlations from human islet co-expression analyses with *MAFs* highlight their different functions, by identifying distinct target genes in human islets.

We identified a category of genes induced by IFN-1s (IFI) through protein association network analysis (STRING) \[[@B39-genes-09-00644]\] and assessed if expression of these genes (*IFIH1*, *DDX58*) with anti-viral function was correlated with *MAFA* and *MAFB*. Expression of type 1 IFNs in human islets was not detected, which most likely reflected their extremely low basal gene expression, although the IFN-1 receptor *IFNAR1* which is induced by high levels of IFNs had a strong negative correlation with *MAFA* expression. A similar negative correlation was observed for *IFIH1* and *DDX58*, indicating that the presence of MAFA is required for the repression of IFNs and their downstream target genes. These results indicate that the reduction of MAFA levels in β cells may enhance the production of IFNs and possibly IFI genes which may further increase the production of pro-inflammatory cytokines in a positive feedback loop. A similar relation of MAFB with IFN-β1 was identified in human cell lines, where high MAFB expression inhibited IFN-1 production by the disruption of an enhanceosome complex, necessary for IFN-β transcription \[[@B17-genes-09-00644]\]. This study also suggested a role for MAFB in restricting unwarranted induction of IFN-1s in healthy cells, critical for preventing the unnecessary activation of the immune system \[[@B17-genes-09-00644]\]. Statistical analysis indicated a much weaker negative correlation of *MAFB* with *IFNAR1* and *DDX58* expression, whereas *IFIH1* expression was even positively correlated with MAFB. Our gene correlation assessment suggests a critical immune regulatory function of MAFA by controlling *IFN* and *IFI* gene signature in human islets.

IFNs and intracellular viral recognition helicases *Mda5* (*IFIH1*) and *Rig1* (*DDX58*) are critical components of the cellular anti-viral response cascade, which mediates induction of IFN expression in a regulated manner \[[@B57-genes-09-00644]\]. However, overexpression of IFN-1 signaling components (through Mda5) may contribute to islet autoimmunity \[[@B54-genes-09-00644]\] as both Ifnβ1 and Mda5 overexpression have been implicated in pro-inflammatory responses \[[@B40-genes-09-00644]\]. Previous studies have shown that Mda5 has a dual role in cellular immune responses, because high Mda5 expression levels resulted in decreased susceptibility to viral infection, but also induced a chronic type 1 interferon signature which accelerated autoimmunity \[[@B40-genes-09-00644],[@B58-genes-09-00644]\]. Moreover, a majority of polymorphisms in this gene were associated with elevated Mda5 expression and human T1D \[[@B40-genes-09-00644],[@B59-genes-09-00644],[@B60-genes-09-00644],[@B61-genes-09-00644],[@B62-genes-09-00644],[@B63-genes-09-00644],[@B64-genes-09-00644],[@B65-genes-09-00644]\] and reduced expression has been shown to induce regulatory immune responses preventing autoimmune diabetes \[[@B66-genes-09-00644]\]. Our results showed that MafA negatively regulated Ifnβ1 and anti-viral response gene expression in mouse islets as *MafA^−/−^* islets had significantly enhanced basal mRNA levels of *Ifnβ1* and *Mda5* and an acute knockdown of MafA enhanced Mda5 and Rig1 protein levels, which was in accordance with co-expression correlations in human islets and immunohistochemical analysis of type 2 diabetic islets which lacked MAFA expression. As expected, upon CVB3 infection in vitro, both WT and *MafA^−/−^* islets responded by inducing Ifnβ1, Ifnα, Tnf, Il6, Cxcl10, Mda5, and Rig1 mRNA levels, indicating adequate virus recognition and anti-viral response generated through pattern recognition receptors. This finding indicated that both WT and *MafA^−/−^* islets were infected, but *MafA^−/−^* islets eradicated the virus more effectively than WT islets, probably due to their elevated inherent immune response. We also confirmed that the reduction in CVB3 virus titer was not due to apoptosis of islets cells in culture or alterations in CVB3 CAR receptor expression, as no differences among these were detected when compared to WT controls. These results supported the idea that the lower susceptibility of *MafA^−/−^* islets to viral replication was not attributed to differences in virus recognition/entry or their ability to detect viral infection, but due to an inherent elevated immune status which restricted efficient virus propagation.

Previous studies have shown that MafA and MafB expression domains within islets of Langerhans differed significantly between species \[[@B19-genes-09-00644],[@B22-genes-09-00644],[@B36-genes-09-00644],[@B67-genes-09-00644]\]. MAFB expression in β cells was only detected in primates but developmentally MAFB preceded MAFA expression \[[@B22-genes-09-00644],[@B34-genes-09-00644],[@B67-genes-09-00644]\], whereas MAFA was essential in the later stages of postnatal development and regulated glucose and autonomic nervous system-induced insulin secretion \[[@B23-genes-09-00644],[@B24-genes-09-00644],[@B33-genes-09-00644],[@B36-genes-09-00644]\]. Human β cells expressed both MAFA and MAFB \[[@B17-genes-09-00644],[@B19-genes-09-00644]\], whereas in adult murine islets MafA was specifically detected in β cells and MafB was restricted to α cells \[[@B22-genes-09-00644],[@B34-genes-09-00644],[@B68-genes-09-00644]\]. In this study, we report that *MAFA* co-expression correlations in human islets are much stronger and are associated with a higher number of genes within cytokine signaling and T1D genetic risk spectrum than *MAFB*, indicating that *MAFA* has a unique role in regulating the expression of these immune modulatory genes directly and indirectly through interferon-induced positive feedback loops. Additionally, the loss of β-cell function due to metabolic/oxidative stress also leads to reduced MafA levels \[[@B20-genes-09-00644],[@B37-genes-09-00644]\] and may possibly elevate cytokine levels as observed in our human and mouse islet expression analysis, indicating that the loss of MAFA is the primary event leading to a disturbed islet microenvironment. It is highly likely that these cells, in a stressed environment, shed higher amounts of autoantigens as well as secrete pro-inflammatory mediators. Such changes may be recognized by tissue resident innate immune cells, initiating a cascade of destructive adaptive immune responses against β cells leading to the development of T1D and inflammatory processes in T2D. Cultured human islets have relatively high *MAFB* transcript levels, whereas *MAFA* expression was more difficult to detect \[[@B19-genes-09-00644]\]. This suggests that cultured islets, which are critical for scientific studies, but also commonly used for cell replacement therapy, are dysfunctional and have an altered cytokine expression profile. This is of clinical interest as alterations in cytokine expression may significantly affect the therapeutic success of islet transplantation by triggering graft rejection and poor graft cell survival. Thus, a thorough analysis of MAFA, MAFB, and cytokine expression levels may be a critical indicator of transplantation outcome.

The following are available online at <http://www.mdpi.com/2073-4425/9/12/644/s1>, Figure S1: *MAFA* and MAFBA are negatively correlated with IFI genes, Table S1: Quantitative PCR primer sequences, Tables S2 and S3: Gene list from PathCards pathway unification database.
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![*MAFA* and *MAFB* co-expression comparisons in human islets show a strong correlation between MAFA and cytokine-induced signaling and T1D risk genes. (**A**,**B**) Density correlation distribution plot for interferon, cytokine, and cytokine-induced signaling genes with *MAFA* (*p*-values are *p* = 3.777 × 10^−10^, *p* \< 2.2 × 10^−16^, and *p* \< 2.2 × 10^−16^, respectively) and MAFB (*p* = 5.457 × 10^−9^, *p* \< 2.2 × 10^−16^, and *p* \< 2.2 × 10^−16^, respectively) expression. (**C**,**D**) T1D candidate gene (yellow curve) correlations have significantly higher negative associations with *MAFA* (*p* = 7.942 × 10^−5^) than with *MAFB* (*p* = 0.01756) expression. (**C**,**D**) T2D candidate gene (purple curve) correlations with *MAFB* (*p* = 0.008516) and *MAFA* (*p* = 0.4022). (**A**--**D**) Black curve represents the density correlations from the whole transcriptome with *MAFA* and *MAFB* (*n* = 21,806). (**E**--**F**) HLA and islet expressed T1D susceptibility gene expression correlations with (**E**) *MAFA* and (**F**) *MAFB*. *p* \< 0.01 was considered significant and was determined using Kolmogorov--Smirnov tests.](genes-09-00644-g001){#genes-09-00644-f001}

![*MAFA* is highly negatively correlated with interferon-induced (*IFI*) genes in human islets. (**A**) Protein--protein association network of *IFN-1*-induced signaling from the STRING database. (**B**--**G**) Individual correlations of (**B**--**D**) MAFA and (**E**--**G**) MAFB expression with *IFI* genes *IFNAR1*, *IFIH1*, and *DDX58* assessed by RNA-seq data analysis of human donor islets (*n* = 195). (**B**--**G**) Spearman correlations (R) and *p*-values are indicated in respective plots.](genes-09-00644-g002){#genes-09-00644-f002}

![IFI protein expression is enhanced in MAFA-deficient T2D endocrine cells. (**A**--**F**) Normoglycemic and T2D pancreatic sections showing immunohistochemistry stainings for IFNAR1, IFIH1, DDX58 (red) with INSULIN (green) co-expression, and nuclei (grey). Images were captured at 20× magnification and the scale bar is 50 µm. (**A**--**F**) Small white boxes depict area shown in the inserts as magnified portions. (**G**,**H**) White arrows point to nuclei magnified in the inserts.](genes-09-00644-g003){#genes-09-00644-f003}

![MafA loss induces expression of *IFI* genes. (**A**--**C**) Gene expression analysis of (**A**) *Ifnβ1* and *IFI* genes (**B**) MDA5 and (**C**) Rig1 in MafA deficient mouse islets, sample number (n) is at least 5 or 6 mice per genotype. Data are presented as ± standar error of the mean and were analyzed using Welch's *t*-test with \* *p* \< 0.05 as significant. (**D**--**I**) WT and *MafA^−/−^* pancreatic sections showing immunohistochemical stainings for Ifnar1, Mda5, Rig1 (red) with insulin (green) co-expression, and nuclei (grey). Images were captured at 20× magnification and the scale bar is 50 µm. (**D**--**I**) Small white boxes depict area shown in the inserts as magnified portions. (**J**) Western blot analysis from INS-1 832/13 cells treated with small interfering RNA (siRNA) MafA showing relative protein expression (*n* = 4) \*\* *p* \< 0.01, \*\*\* *p* \< 0.001.](genes-09-00644-g004){#genes-09-00644-f004}

![*MafA* deficient mouse islets have an intact anti-viral response. (**A**) CVB3 virus receptor adenovirus receptor (CAR) expression was unaltered in *MafA^−/−^* islets (*n* = 5/6 per genotype). (**B**) CVB3 virus titer was reduced in *MafA^−/−^* islets (*n* ≥ 10 per genotype). (**C**) No changes in the percentage of viable cells were observed between CVB3-infected WT and *MafA^−/−^* islets (*n* = 3/4 per genotype). (**D**--**H**) Cytokines as well as (**I**,**J**) anti-viral response gene expression in WT and *MafA^−/−^* islets after CVB3 infection (*n* ≤ 10 per genotype). (**A**--**J**) Data were presented as ± SEM and analyzed using Welch's *t*-test (**A**,**B**) and Sidak's multiple comparison test (**C**--**J**) with \* *p* \< 0.05; \*\* *p* \< 0.01 as significant.](genes-09-00644-g005){#genes-09-00644-f005}
